Magder S, Veerassamy S, Bates JH. A further analysis of why pulmonary venous pressure rises after the onset of LV dysfunction. J Appl Physiol 106: 81-90, 2009. First published October 9, 2008 doi:10.1152/japplphysiol.90618.2008.-Based on a dynamic computational model of the circulation, Burkhoff and Tyberg (Am J Physiol Heart Circ Physiol 265: H1819 -H1828, 1993) concluded that the rise in pulmonary venous pressure (Pvp) with left ventricular (LV) dysfunction requires a decrease in vascular capacitance and transfer of unstressed volume to stressed volume (). We argue that the values they used for venous resistance (Rvs), venous compliance (Cvs), and were too low, and changing these values significantly changes the conclusion. We used a computational model of the circulation that was similar to theirs, but we made Rvs four times higher (0.06 versus 0.015 mmHg ⅐ s ⅐ ml Ϫ1 ), Cvs larger (110 versus 70 ml/mmHg), and larger (1,400 versus 750 ml); all other parameters, including those for the heart, were essentially the same. We simulated left ventricular dysfunction by decreasing end-systolic elastance (Eeslv) as they did and examined changes in cardiac output, arterial blood pressure, and Pvp. We then examined the effect of changes in Rvs, heart rate, and when Eeslv was depressed with and without pericardial constraint. In contrast to their findings, with our parameters the model predicts that decreasing Eeslv substantially increases Pvp. Furthermore, increasing systemic vascular resistance or decreasing Rvs or heart rate produces large increases in Pvp when Eeslv is reduced. Pericardial constraint limits the changes in Pvp. In conclusion, when Rvs and Cvs are increased, baseline must be higher to maintain normal cardiac output. This increased volume can shift between compartments under flow conditions and account for the increase in Pvp with decreased left ventricular function even without recruitment of unstressed volume. venous return; venous resistance; pulmonary venous pressure; heart failure; cardiac output COMPUTER SIMULATION MODELS provide a useful tool for dissecting out the consequences of complex physiological interactions. Models also allow analysis of the significance of changes in the basic parameters. Burkhoff and Tyberg (5) used a dynamic computer model of the circulation to analyze the relative importance of decreased ventricular contractile state, increased heart rate, increased arterial resistance, and decreased venous capacitance for the development of pulmonary congestion after the onset of acute left ventricular dysfunction. They came to the provocative conclusion that a decrease in venous capacitance and consequent increase in stressed vascular volume is required for the increase in pulmonary capillary pressure that occurs with left ventricular failure. They stated that "in the absence of such changes in venous capacitance, pulmonary capillary pressure rises very little as a direct hemodynamic consequence of acute left ventricular dysfunction" (5).
COMPUTER SIMULATION MODELS provide a useful tool for dissecting out the consequences of complex physiological interactions. Models also allow analysis of the significance of changes in the basic parameters. Burkhoff and Tyberg (5) used a dynamic computer model of the circulation to analyze the relative importance of decreased ventricular contractile state, increased heart rate, increased arterial resistance, and decreased venous capacitance for the development of pulmonary congestion after the onset of acute left ventricular dysfunction. They came to the provocative conclusion that a decrease in venous capacitance and consequent increase in stressed vascular volume is required for the increase in pulmonary capillary pressure that occurs with left ventricular failure. They stated that "in the absence of such changes in venous capacitance, pulmonary capillary pressure rises very little as a direct hemodynamic consequence of acute left ventricular dysfunction" (5) .
Conclusions drawn from models are dependent on the assumptions that go into the model and the values of the parameters that are used for the analysis. In this regard, a number of the parameters used by Burkhoff and Tyberg are worth considering. Most importantly, they used a very low value for the resistance draining the venous capacitance bed, a key determinant of the resistance to venous return described by Guyton (10, 12, 21) . Their assumption was consistent with other investigators (2, 3, 18) who have not considered the drainage characteristics of the veins to be a significant factor in the regulation of cardiac output. However, others consider the characteristics of venous drainage to be a very important determinant of cardiac output (10, 12, 13, 23, 31) .
Venous drainage is determined by the compliance of veins (Cvs) and the resistance draining them (Rvs). The product of these gives a time constant (), which is the time it takes to reach 63% of a new steady-state value after a step change in inflow or pressure. On the basis of data collected in our laboratory, we estimated that Rvs should be approximately four times higher than the value Burkhoff and Tyberg (5) used and Cvs should also be greater (7, 8, 26, 30) . Use of these higher values for Rvs and Cvs meant that stressed volume () had to be higher to maintain cardiac output in the normal range. We hypothesized that because the initial venous volume is larger, there is more volume to potentially be transferred to the pulmonary circuit when left heart function is decreased, and pulmonary venous pressure (Pvp) can rise substantially without the decrease in capacitance predicted by Burkhoff and Tyberg (although it could certainly contribute).
To test this hypothesis, and to further analyze the changes in the distribution of volume that occur with changes in left ventricular function, we created a computational model of the circulation that used the same basic structures and equations used by Burkhoff and Tyberg (5) . However, we used different values for Rvs, Cvs, arterial compliance, and . Importantly, the parameters for cardiac function were essentially the same. As in their study, we created an effective decrease in left heart function by decreasing the left ventricular end-systolic elastance (Eeslv). We then examined the effect of changes in stressed volume, venous resistance, systemic arterial resistance, and heart rate on the calculated pulmonary venous pressure, peripheral venous pressure, cardiac output, and blood pressure with Eeslv at half the normal value.
Although it is desirable to have empirical experimental observations, as argued by Burkhoff and Tyberg, it is not possible in the intact animal or person to independently control each of the factors involved because the complex interplay of reflex responses, hormonal release, and changes in heart rate quickly alter the basic parameters. However, when the mechanical properties are manipulated in a computer simulation, the importance of each component can be identified. It is also possible to determine changes in regional pressures and volumes that must occur during flow conditions. This gives insight into the potential volume shifts and changes in pressures in different compartments that would be expected in the intact organism. Of note, the parameters used in the model were obtained from empirical studies, and the analysis allows an assessment of the potential impact of changes in magnitude of these values.
METHODS
Theoretical considerations. Figure 1 shows the conceptual model of the cardiovascular system that was used and its various compartments. A set of six differential equations describes changes in blood volume across each compartment. The pulmonary and systemic lumped compartments are modeled by venous and arterial compliances, proximal arterial characteristic resistances, and lumped arterial and venous resistances. The equations of the model are listed in APPENDIX A.
The left and right heart pumping characteristics are represented by modifications of established time-varying elastance equations that relate instantaneous ventricular pressure linearly to instantaneous volume (5, 35) during systole and nonlinearly to volume during diastole. The time-varying elastance during systole is modeled as a sine wave until peak systole and then a decaying exponential.
The control parameter values used in the model are listed in Table 1 and are normalized to a 70-kg man. The parameters that differ between our analysis and that of Burkhoff and Tyberg (5) are given in boldface. Where values differ, the choices are based on experimental data obtained in our laboratory in either animals or humans. The major difference concerns the role of the systemic venous resistance (Rvs), which is increased fourfold from 0.015 to 0.06 mmHg ⅐ s ⅐ ml Ϫ1 (7, 8, 26, 30) . We also increased the systemic venous compliance (Cvs) from 70 to 110 ml/mmHg (8, 30) . These increases in Rvs and Cvs increased the time constant of systemic venous drainage vs (the product of Rvs and Cvs) from 1.05 s in Burkhoff and Tyberg (5) to 6.6 s. To maintain cardiac output in the normal range, we had to increase from 750 to 1,400 ml, which is in the same range as the value we observed in patients who were hypothermic, anesthetized, and undergoing surgery on major blood vessels (25) . We also wanted to maintain a ratio of arterial to venous compliance of close to 40 (11) , and accordingly increased the arterial compliance from 1.32 to 2.5 ml/mmHg as used by others (38) . The arterial resistance and characteristic resistance stayed the same. The change in arterial compliance increased the time constant of arterial emptying from 1.2 s, in Burkhoff and Tyberg, to 2.3 s. We also changed the distribution of pulmonary compliance so that it was greater on the venous side than on the arterial side in accordance with Brower et al. (4) ; this tended to reduce the changes in Pvp caused by the various interventions we investigated but only by a small amount. We used the same parameters as Burkhoff and Tyberg to define cardiac function except that we reduced the curvature for the diastolic filling curve of the right heart to minimize the effect of changes in right atrial pressure on venous return. We tested the model with their parameters for the diastolic curve of the right ventricle as well, and there was little difference except for a slightly lower cardiac output. Table 2 lists the variables that were calculated from the baseline simulation with our parameters and with those of Burkhoff and Tyberg, together with the ranges that are predicted for a normal 70-kg man.
We also performed a set of simulations with right ventricular limitation to simulate pericardial effects. We did this by adjusting the right ventricular diastolic pressure-volume curve. The modified equation is given in APPENDIX B. The new pressure-volume relationship of the end-diastolic curve is shown in Fig. 2 .
We performed the following simulations and examined the effect on cardiac output, arterial pressure (BP), systemic venous pressure (Pvs), and pulmonary venous pressure Pvp.
1) We changed Eeslv from 0.5 to 6 mmHg/ml. The baseline value was 3 mmHg/ml as in Burkhoff and Tyberg (5) . This gives the fundamental test of the role of ventricular function on Pvp.
2) We changed from Ϫ250 ml to ϩ1,500 ml relative to the baseline value of 750 ml in Burkhoff and Tyberg and 1,400 ml in our model with Eeslv at half-control (1.5 mmHg/ml). Physiologically, this represents a conversion of unstressed volume into stressed volume, and thus the role of changes in capacitance. With an assumed total blood volume of 5,500 ml, this means that the unstressed volume was reduced from 4,100 to 2,600 ml with the largest decrease in capacitance (and increase in ) with our parameters.
3) We changed systemic arterial resistance from 0.5 to 6 mmHg ⅐ s ⅐ ml Ϫ1 with Eeslv at half-control; the baseline value was 0.911 mmHg ⅐ s ⅐ ml Ϫ1 as in Burkhoff and Tyberg (5) . This simulates the role of severe hypertension as well decreased resistance that occurs in distributive shock. Fig. 1 . Schematic representation of the model. The boxes represent elastic compartments that are connected by resistances (R). The emptying of each compartment is given by the differential of volume over time (dV/dt). RH, right heart; PA, pulmonary arteries; PV, pulmonary veins; LH, left heart; SA, systemic arteries; SV, systemic veins. V, P, C, and R represent volume, pressure, compliance, and resistance. The modifiers as and vs refer to arterial system and venous system, respectively; lv and rv refer to left and right ventricular, respectively; ap and vp refer to pulmonary arterial and pulmonary venous, respectively. Rcp and Rcs are characteristic pulmonary and characteristic systemic resistance, respectively. Values are listed in Table 1 .
4)
We changed systemic venous resistance (Rvs) from 25% to 400% of the control value with Eeslv at half-control. This gives an indication of the importance of venous resistance in the circuit.
5)
We changed the heart rate from 40 to 180 beats/min with Eeslv at half-control; the baseline value was 75 beats/min.
The Eeslv was set at half-control for steps 2-5 to simulate the effects of changes in the parameters with decreased left ventricular function as performed by Burkhoff and Tyberg (5) .
We performed a sensitivity analysis by adjusting each baseline parameter by Ϯ10% with our parameters and those of Burkhoff and Tyberg and examined the effects on cardiac output, blood pressure, and pulmonary venous pressure.
The model was implemented in MATLAB 7/1 and Simulink version 6. The solver used was ode (ordinary differential equation) 5 (Dormand-Prince) with a fixed step size of 0.001 and a single tasking mode. The time period for one simulation was 24 s. A representation of the Simulink model is given in Supplement I, available with the online version of this article.
RESULTS

Impact of changes in Eeslv.
The effects of changing Eeslv on Pvp, Pvs, cardiac output, and blood pressure are shown with our parameters and those of Burkhoff and Tyberg in Fig. 3 . Changes in Eeslv had similar effects on cardiac output in both analyses. Reduction of Eeslv below the control value decreased cardiac output substantially, whereas increasing Eeslv above the control value had only a small effect. Our parameters produced a slightly smaller decrease in cardiac output below the control and smaller rise above the control than with those of Burkhoff and Tyberg (5) . The addition of a right ventricular constraint had no significant effect. Changes in arterial blood pressure followed the changes in cardiac output, which is also not surprising given that arterial resistance was fixed and the same in both analyses. Despite the similarity of the changes in cardiac output and blood pressure in the two simulations, changes in Pvp were very different. In contrast to the results of Parameters that differ between our analysis (new model) and that of Burkhoff and Tyberg (Ref. 5) are given in boldface. Ees, end-systolic elastance; Vo, unstressed volume of heart; Tes, time to end systole; , time constant of relaxation; A, scaling factor for end-diastolic pressure-volume relationship (EDPVR); B, exponent for EDPVR; Ra, arterial resistance; Rc, characteristic resistance; Rv, venous resistance; Ca, arterial compliance; Cv, venous compliance. Burkhoff and Tyberg (5), reduction of Eeslv with our parameters produced a marked rise in Pvp. This was not altered by the presence of a pericardial constraint. At Eeslv of 0.4 mmHg/ ml, the Pvp was 34.2 mmHg with our parameters but only 22.5 mmHg with theirs (5) . Figure 3 also shows that decreasing Eeslv results in a fall in Pvs, the pressure in the systemic veins. This occurs because extrathoracic volume is translocated to the thoracic compartment with the decrease in cardiac output and increases Pvp. Importantly, this indicates that changes in cardiac output and blood pressure do not give a good indication of changes in Pvp.
Impact of changes in stressed volume. The effects of changing on Pvp, Pvs, cardiac output, and blood pressure when cardiac function is reduced by decreasing Eeslv to half its baseline value are shown in Fig. 4 . Increasing produces a linear increase in Pvs. In an intact human, an increase in could come from a decrease in capacitance or an infusion of volume. There was a slightly greater increase in cardiac output and blood pressure at higher increases in with our parameters than with those of Burkhoff and Tyberg (5), but overall the results were very similar. When increases in were greater than 600 ml, there were no further changes in cardiac output or arterial pressure when pericardial constraint was added. With our parameters there was a slight upward concavity to the Pvp-relationship, and Pvp reached 67.7 mmHg when was increased by 1,500 ml. With the parameters of Burkhoff and Tyberg (5), the relationship was slightly concave downward and Pvp only reached 50.3 mmHg, demonstrating a larger effect on Pvp from changes in with our initial baseline parameters. The pericardial restriction limited the increase in Pvs.
Impact of changes in systemic vascular resistance. The effects of changing systemic vascular resistance (SVR) on Pvp, Pvs, cardiac output, and blood pressure in the presence of reduced cardiac function are shown in Fig. 5 . The relationships of changes in cardiac output or arterial pressure versus SVR were slightly lower with the parameters of Burkhoff and Tyberg (5) than with ours, but the pattern was the same. Pericardial constraint had no effect. Changes in Pvp, however, were again very different in the two analyses. Burkhoff and Tyberg (5) found that changes in SVR had little effect on Pvp, even at high levels of resistance, whereas increasing SVR with our parameters raised Pvp from 18.9 to 28.2 mmHg at the highest SVR. As seen with the decrease in Eeslv, the rise in SVR resulted in a fall in Pvs, indicating a shift in volume from the extrathoracic to thoracic compartment.
Impact of changes in venous resistance. The effects of changes in Rvs on Pvp, Pvs, cardiac output, and blood pressure in the presence of reduced cardiac function are shown in Fig. 6 . Changes in Rvs had almost no effect on cardiac output and blood pressure with the parameters of Burkhoff and Tyberg, whereas there was a marked fall in cardiac output and blood pressure when Rvs was increased with our parameters, and they rose when Rvs was decreased. The presence of pericardial constraint limited the increase in cardiac output when Rvs was reduced below the control value. The effect on Pvp was also very different with our parameters. Consistent with the lack of change in cardiac output, changes in Rvs had little effect on Impact of changes in heart rate. The effects of changing heart rate on Pvp, Pvs, cardiac output, and blood pressure in the presence of reduced cardiac function are shown in Fig. 7 . When heart rate was altered we also changed the values of time to end systole (T es ) and for cardiac relaxation proportionally in the model, based on measurements of changes in the duty cycle of exercising subjects. The changes in cardiac output and blood pressure reached plateaus in our model at a heart rate of 100 beats/min but continued to increase with Burkhoff and Tyberg's parameters (5) by a small amount. However, the changes in Pvp with changes in heart rate were again very different with their parameters compared with ours. With ours, Pvp decreased from 32.1 mmHg at 40 beats/min to 7.5 mmHg at 180 beats/min but hardly changed with theirs (16.7 to 12.6 mmHg). The presence of pericardial constraint limited the increase in Pvp at low heart rates. Decreasing heart rate resulted in redistribution from the extrathoracic to thoracic compartment and decreased Pvs.
Sensitivity analysis. Figure 8 shows the changes in cardiac output produced by an increase or decrease of 10% in each of the parameters in the two analyses. Figure 9 shows the corresponding changes produced in arterial blood pressure, and Fig. 10 shows the changes in Pvp. In contrast to the results with Burkhoff and Tyberg's parameters (5), with our parameters changing Rvs and Cvs had major effects on cardiac output, blood pressure, and Pvp. Changes in systemic arterial compliance (Cas) had a larger effect with our parameters compared with those of Burkhoff and Tyberg. On the other hand, changing Eeslv had less of an effect on cardiac output and blood pressure in our analysis than in theirs but a greater effect on Pvp. SVR was the strongest determinant of arterial pressure with both sets of parameters, but Rvs and Cvs also played significant roles in our analysis.
DISCUSSION
The different effects on Pvp with these two different sets of parameters is reflected in ongoing debates about the role of the return function versus cardiac function in the determination of the limits of circulatory performance (2, 18, 23) and indicates that debate should really come down to the magnitude of Rvs and Cvs, because their values determine the response to challenges to the cardiovascular system. Fig. 3 . Symbols are the same as in Fig. 3 . Fig. 6 . Effect of changes in venous resistance (Rvs) from baseline on cardiac output, blood pressure, pulmonary venous pressure, and systemic venous pressure for the 3 sets of parameters shown in Fig. 3 . The x-axis is the ratio of Rvs compared with the baseline condition. The symbols are the same as in Fig. 3 .
We must first defend our choice of parameters. On the basis of data from animals (7, 26, 30) and humans (14) , we estimated the standard pressure gradient for return of blood from the systemic veins to the right heart is in the range of 4 -8 mmHg. Assuming a cardiac output of 5 l/min in a 70-kg man, this pressure gradient gave an estimated resistance draining this compartment in the range of 0.06 mmHg⅐s ⅐ml Ϫ1 , which is four times the value used by Burkhoff and Tyberg (5). Furthermore, from our own empirical studies, we considered the value for Cvs used by Burkhoff and Tyberg to be low, and chose a higher value, 110 ml/mmHg versus 70 ml/mmHg that they used. Because Rvs and Cvs were higher, we had to increase the starting value of stressed volume to 1,400 ml compared with their value of 750 ml so that cardiac output was still in the 5 l/min range. Of note, our value of stressed volume of 1,400 ml is similar to the value of stressed volume we previously measured in human subjects (25) .
Mean systemic filling pressure (MSFP) is the value of the pressure in the systemic vasculature when flow is stopped in the circulation (7, 8, 16, 26, 30, 36) , and it represents the elastic recoil pressure in the systemic circulation during a stop-flow procedure. It differs from mean circulatory pressure (MCFP), which represents the pressure at zero flow based on the compliance and volume of all parts of the circulation, including the heart and pulmonary circulation. MSFP is affected by the distribution of flow before stopping flow and how flow is stopped. For example, when MSFP is measured by obstructing inflow to the right heart, some pulmonary volume can be pumped to the systemic circulation whereas this is not the case when the heart is fibrillated. MSFP can be calculated in our Fig. 7 . Relationship of heart rate (HR) to cardiac output, arterial blood pressure, pulmonary venous pressure, and systemic venous pressure for the 3 sets of data shown in Fig. 3 . The symbols are the same as in Fig. 3 . . Rap, pulmonary artery resistance; Rvs, systemic venous resistance; Rvp, pulmonary venous resistance; Cas, systemic arterial compliance; Cvs, systemic venous compliance; Cap, pulmonary arterial compliance; Cvp, pulmonary venous compliance; Eeslv, left ventricular end-systolic elastance; Eesrv, end-systolic right ventricular elastance. Note the much larger effect of changes in Rvs and Cvs in our model than in that of Burkhoff and Tyberg. Fig. 9 . Sensitivity analysis of the effect on blood pressure (BP) of 10% increase (ϩ) or 10% decrease (Ϫ) in each of the model's parameters in the 2 models. The abbreviations are the same as in Fig. 8 . As would be expected, changes in SVR had the greatest effect on changes in BP, and the effect was same in both models. However, changes in Rvs and Cvs had also had a significant role in our model. model from the sum of the volumes residing in the systemic arteries and veins during steady-state flow divided by the sum of their compliances (12, 13) . This gave a value of 9.1 mmHg with our parameters, but only 4.4 mmHg with Burkhoff and Tyberg's (our calculation, for they did not measure it). Measurements in humans have revealed higher values of MSFP. For example, Jellinek et al. (14) found a value of MSFP of 10.2 Ϯ 3.5 mmHg in patients undergoing implantation of defibrillators; Schipke et al. (36) found values in a similar range and indicated that this was likely an underestimate because of the failure to reach a steady state. The higher values in patients likely reflect the addition of volume to stabilize cardiac output in humans undergoing procedures, and perhaps fluid retention in these subjects who may not all have had normal hearts. To calculate MCFP, we added in the volumes and compliances of the pulmonary vessels and assumed that the difference in calculated volume and the stressed volume of 1,400 ml resided in the ventricles in diastole. The calculated MCFP was 9.2 mmHg, which is only slightly higher than MSFP, whereas MCFP was only 6.0 mmHg in Burkhoff and Tyberg.
We made some other small adjustments that did not have major effects on derived hemodynamic values. We kept total pulmonary compliance in the range used by Burkhoff and Tyberg (5), which was just under 20 ml/mmHg. This worked out to about one-seventh of the total compliance and is in the same range estimated by Guyton (12) . However, we adjusted the distribution of the pulmonary compliances so that it was greater in the venous compartment than in the arterial compartment. This might have been expected to lower Pvp, but only changed Pvp by 0.4 mmHg at the lowest value of Eeslv. We also used a higher arterial compliance than Burkhoff and Tyberg (5) so that the ratio of systemic venous compliance to arterial compliance was in the range of 40:1, rather than 50:1 as in their analysis.
Why, then, are the results so different between our study and that of Burkhoff and Tyberg? The most likely explanation is that the larger time-constant () of venous drainage ( vs ) with our parameters required more stressed volume to establish baseline normal flows, and this meant that there was more volume to redistribute without recruitment of unstressed volume. Elastic structures empty through resistances monoexponentially with a determined by the product of the compliance of the structure and the resistance draining it; gives the time required to reach 63% of the new steady-state pressure after a step change in inflow. However, is not only important for changes in flow, for also determines the amount of flow that occurs with a given volume (21, 23 
Conceptually, this can be understood by realizing that flow out of elastic structures is dependent on the difference in pressure in the structure and the downstream pressure. When the inflow increases, the pressure in the elastic structure also increases, which increases the gradient for outflow, and outflow increases to a new steady state. However, the rise in pressure in the elastic structure also increases the distension of the elastic walls, and thus some volume must accumulate in the region until a new steady state is reached. The amount of volume that accumulates depends on the time constant of the compartment relative to other parts of the system. Since total volume is constant in the circulation, if one region gains volume, another must lose it. We have used the term venous drainage because it refers to the direct drainage of the venous compartment. Guyton provided a more complex analysis of venous return, which included the drainage characteristics of the arterial compartment (12) . When we substituted the values for pressure or volume calculated by our simulations into Guyton's full equation for cardiac output, we found that Guyton's equations did not predict the volumes or flows observed in the dynamic model. The reason is that he used Pra for the outflow pressure for the arterial system rather than Pvs and did not allow for changes in Pvs that occur with redistributions of volume between the systemic arteries and veins with changes in flows. A revised derivation of his equation that accounts for this is given in APPENDIX C.
The choice of higher values of Rvs and Cvs in our analysis gave a vs of 6.6 versus 1.1 s in Burkhoff and Tyberg, and an arterial system time constant as of 2.3 versus 1.2 s in their study. Because vs was longer in our analysis, the initial systemic venous volume had to be greater to maintain normal venous return and cardiac output. This in turn meant that there was more volume to be displaced to the thoracic compartment when changes occurred in downstream factors, including decreased left ventricular function due to decreased contractility (decreased Eeslv), decreased heart rate, or increased SVR.
It may at first seem surprising that, although predicted changes in Pvp are very different in the two analysis, changes in cardiac output and blood pressure were very similar with changes in Eeslv, SVR, and heart rate. This occurred because none of these factors affect the return function until there is a backup of pressure in the right heart or a shift of volume from the systemic to the pulmonary veins. By contrast, changes in Rvs had significant effects on both cardiac output and blood pressure with our choice of parameters but not in Burkhoff and Tyberg's analysis. This is because, with our parameters, changes in Rvs have a more significant effect on the return function and consequently on what is available to the heart to pump out. This observation emphasizes the role of the circuit, and venous mechanics in particular, in the regulation of cardiac output.
The Pvs in the model is a major component of MSFP. We initially did not expect Pvs and MSFP to decrease when left ventricular performance was markedly decreased by decreasing Eeslv, increasing SVR, or decreasing heart rate, for MSFP is usually thought to be constant as long as stressed volume is constant because most of the blood volume resides in the compliant systemic veins. We also expected that the decrease in cardiac output with decreased cardiac function would be due solely to a rise in right ventricular end-diastolic pressure and the consequent decrease in the gradient for venous return. However, Pvs and MSFP fell with decreased left ventricular function because the change in vascular mechanics resulted in a transfer of volume from the systemic venous compartment to the pulmonary compartment. This decrease in Pvs decreased the gradient for venous return and contributed to the fall in cardiac output. The Pra actually fell with more extreme challenges. This occurred because we used a right ventricular compliance curve with a relatively flat slope to minimize limitations in cardiac output that occur because of limits to right ventricular filling and kept right ventricular function normal. Similar results were predicted by Permutt and Wise (32) . In contrast to the fall in MSFP, there was little change in MCFP, for the only way MCFP could fall was for volume to accumulate in the heart, and cardiac volume was limited by the curvilinear diastolic compliance of the cardiac chambers.
The decrease in cardiac output with left ventricular dysfunction, however, cannot simply be explained by the decrease in MSFP, because restoring MSFP by increasing stressed volume results in only a small increase in cardiac output (data not shown). This is because the primary problem is the loss of the normal "restorative function" of the heart that keeps the systemic reservoir full (23) . The mismatch between return and output increases the ratio of volume in the thoracic compartment to the systemic compartment, and a normal functioning right ventricle plays a major role in this transfer. The implication of this observation is that volume-loading a person with primarily left heart dysfunction will produce only a small increase in cardiac output but a proportionally larger increase in Pvp and greater potential for pulmonary edema. A similar conclusion was reached by Permutt and Wise (32) .
The importance of shifts in volume from the systemic to the pulmonary circulation with decreased left ventricular function was identified by Guyton and coworkers (6, 19, 20) , as well as Permutt and coworkers (32, 33, 39) , and should have made it obvious that the there was something amiss in the analysis of Burkhoff and Tyberg (5). Guyton and coworkers occluded the aorta and measured the left atrial pressure and accumulated volume. Part of their objective was to obtain measurements of pulmonary and systemic compliances, and the values we used in this study were derived from their studies. Occluding the aorta in their study increased pulmonary blood volume (normalized to a 70-kg male) by 504 ml, whereas we found a similar 474 ml increase at Eeslv of 0.5 mmHg/ml (1/6th of baseline). Mitzner and coworkers (29) also showed in an isolated animal heart-lung preparation connected to an artificial arterial and venous circuit that increasing cardiac function by infusing epinephrine shifts volume from the cardiopulmonary compartment to the extrathoracic compartment. Their plots of changes in cardiac output and MSFP with changes in arterial pressure are strikingly similar to those that we found with changes in SVR.
A key difference between studies in intact beings and our computational study, as well as the preparation used by Mitzner et al. (29) , is the absence of reflexes to adjust stressed volume, distribution of flow, arterial resistance, or cardiac function as occurs in response to changes in left ventricular function or blood pressure (8) . This is both the strength and weakness of the computer simulation. The model allows assessment of the importance of the basic mechanical properties of the cardiovascular system in a way that cannot be done in the intact organism and allows an understanding of what can happen, as well as some of the limits of the system. However, it does tell us what actually happens in vivo for that is dependent on the responses of the many adaptive mechanisms. Of course, any hypothesized compensatory mechanism can be programmed into the model and quantitatively evaluated as we did with the role of recruitment of volume.
An important modifying factor in cardiac performance is pericardial constraint. To assess this factor we altered the diastolic filling curve of the right ventricle so that it had a sharp break consistent with the near bilinear stress-strain relationship of the pericardium (15, 37). We did not attempt to model interactions between the right and left ventricles because, as shown by Maughan et al., this interaction has a complex relationship that is dependent upon the elastance of right and left ventricular free walls and the elastance of the septum, and these do not change equally in disease states (24, 28) .
The results of our modeling study have some other important clinical implications. We found that heart rate is an important determinant of Pvp, especially in the presence of decreased left ventricular function. For example, a decrease in Eeslv to half its baseline value increased Pvp from 12.7 to 18.7 mmHg. This was associated with a change of ejection fraction from 0.68 to 0.51. Increasing the heart rate from 75 to 100 beats/min brought Pvp back to the basal level. Thus a patient with decreased left ventricular function, who cannot mount an increase in heart rate because of sinus or atrioventricular node problems, will potentially have higher Pvp during exercise than someone who can increase heart rate appropriately. This factor will be greater when left ventricular diastolic compliance is decreased.
Our results also highlight the importance of considering venous resistance. A decrease in Rvs increases venous return, and if cardiac function does not increase proportionally, cardiac filling pressures will rise. The opposite will occur in conditions in which Rvs is increased, for example, through pharmacological agents such as a pure ␣-adrenergic agonist (1), endothelin secretion (34), vasopressin (9, 17) , or nitric oxide synthase inhibitors (26) . In these cases the increase in Rvs will decrease cardiac output and cardiac filling pressures.
In conclusion, Burkhoff and Tyberg argued that the high Pvp that occurs in patients with left ventricular dysfunction requires a decrease in vascular capacitance and an increase in stressed vascular volume. However, we have shown that when the initial values of Rvs and Cvs are set at higher values than they used and more in keeping with empirically observed values, their prediction is not true. This is because the initial stressed volume must be higher to maintain normal cardiac output. The increase in initial stressed volume coupled with the changes in mechanical characteristics of the venous vasculature is sufficient to elevate Pvp when left ventricular function is decreased.
APPENDIX A
The values of ␣ and ␤ are set either to 0 or 1 depending on whether ventricular filling or ejection are occurring. In the following equations, V, P, C, and R represent volume, pressure, compliance, and resistance. The modifiers as and vs refer to arterial system and venous system, respectively; lv and rv refer to left and right ventricular, respectively; ap and vp refer to pulmonary arterial and pulmonary venous, respectively. Rcp and Rcs are characteristic pulmonary and systemic resistance, respectively. The following equations represent the pumping actions of the left heart, relating Plv and Vlv. A comparable set of equations was used to describe the right heart function (rv).
P lv ͑t͒ ϭ ͓P eslv ͑V lv ͒ Ϫ P edlv ͑V lv ͔͒ε lv ͑t͒ ϩ P edlv ͑V lv ͒ Equations to simulate pericardial restriction:
Pedrv ϭ Crv ϫ Arv ϫ ͕exp͓Brv ϫ ͑Vrv Ϫ Vorv͔͒ Ϫ 1͖ (B1)
Pesrv ϭ Eesrv ϫ ͑Vrv Ϫ Vorv͒
where Crv ϭ 0.05, Arv ϭ 0.002, and Brv ϭ 0.098.
APPENDIX C
Guyton's equation is most often give in its simple form:
where MSFP is mean systemic filling pressure, RVR is a simplification of a more complex term that includes the emptying of the arterial compartment as well as the venous compartment, and Pra is right atrial pressure. Guyton derived a more complete equation for the return of blood to the heart from the systemic circulation by starting with two equations (12):
Pvs ϭ Q ϫ Rvs ϩ Pra (C2)
Pas ϭ Q ϫ ͑Ras ϩ Rvs͒ ϩ Pra (C3)
where Pvs is the pressure in the systemic venous compartment, Q is cardiac output, Rvs is the resistance draining this compartment, Pas is the mean pressure in the arterial compartment, and Ras is the arterial resistance. By relating the pressures to volume and compliances as shown below, the full equation that he derived is:
Q ϭ MSFP Ϫ Pra Cvs ϫ RvsϩCas(Rvs ϩ Ras)
Cvs ϩ Cas (C4)
However, Eq. C3 is flawed for it assumes that there is no change in the distribution of volume and consequently the pressures in the arterial and venous compartments under different flow conditions, but this is not the case. We found in our dynamic model that volumes actually do change, and this equation did not predict cardiac output when the observed volumes or pressures were inserted into the equation. As an example of how volumes can shift, when cardiac output increases, the arterial pressure rises and volume accumulates in the arterial compartment. Since total volume in the system is constant this can lead to a decrease in venous volume, which then affects the return of blood to the heart. The proper equation to account for volume shifts makes Pvs the downstream pressure for the arterial drainage so that, and this is the way it actually occurs in the computational model: 
